Viola mirabilis is abundant in Estonia; Viola elatior is rare. We tested whether these species differ in their competitive responses to a common grass. We used a pot experiment in which individuals of each violet species grew with 0, 2, 4, or 8 individuals of Festuca ovina in natural soil. The response patterns of shoot and root mass and leaf numbers of the two species were similar: the biomass and leaf number of both violet species decreased with increasing grass density. The decrease of root mass of the rare V. elatior was significantly greater, and the decrease of leaf number tended to be greater, than that of the common V. mirabilis. We conclude that the stronger competitive response of V. elatior compared to V. mirabilis might be one reason behind its lower regional and local abundance.
Introduction
The abundance or rarity of a given plant species at a particular locality is primarily dependent on the availability of diaspores and on the correspondence between plant traits and local environmental conditions, i.e. abiotic and biotic interactions. Often, however, comparative descriptive studies of the traits and ecology of phylogenetically related rare and common species do not give a simple answer to the question: 'What specific traits or combinations of them are responsible for rarity?' (Witkowski and Lamont 1997; Bevill and Louda 1999; Walck et al. 2001; Murray et al. 2002) . Experiments can measure species response to environmental factors.
A difference in competitive ability between rare and common species may be an important factor contributing to rarity (Kunin and Gaston 1997) . Experimental studies of competitive abilities, however, give contrasting results. Rare species can be inferior competitors (Walck et al. 1999; Binney and Bradfield 2000; Lavergne et al. 2003; Moora et al. 2003) , roughly equivalent competitors (Snyder et al. 1994; Ru¨nk et al. 2004) or even superior competitors (Rabinowitz et al. 1984) . Lloyd et al. (2002) investigated experimentally the largest species sample so far and received mixed results. They concluded that although rare species may have a low competitive ability in certain cases, this should not be assumed to be a uniform cause of rarity. The inconsistency in these results may indicate that the interrelations between competitive ability and rarity are conditional and depend on the biology of particular species, and also on local environmental conditions. On the other hand, the number of experiments on the topic is still small and the variation of experimental designs is too high to make any general conclusions.
We were interested in the possible causes of rarity of a species found in mesic calcareous grasslandsViola elatior Fr. Only five populations were known in Estonia in the 1990's (Ü . Kukk, Estonian Rare Plant Species Database, personal communication), and 11 in 1973 (Talts 1973) . Viola elatior is at the edge of the northern distribution limit in Estonia, but the species is rare or declining at the centre of its distribution, in many central European countries (Schnittler and Gu¨nther 1999) . At the same time, another related species, Viola mirabilis L., is abundant both in mesic calcareous grasslands and forests and is found with V. elatior in Estonia. The seed size of both species is similar and both species are ant-dispersed. V. mirabilis possesses a limited vegetative spreading ability, while V. elatior may show extensive vegetative spread (Klimes et al. 1997) . Consequently, there is no basis to assume that better dispersal ability is explains the higher abundance of V. mirabilis.
In an earlier mesocosm experiment (Moora et al. 2003) both species displayed similar germination abilities, but reacted differently to the experimental treatments: germination, establishment and survival of rare V. elatior individuals over two seasons were significantly higher in mown plots and decreased considerably in unmanaged plots, while V. mirabilis did not show a significant response to management. We hypothesised that rare V. elatior may be more sensitive to asymmetric competition for light, and that this may be one reason for its low abundance. Population regeneration of V. elatior was strongly enhanced by ongoing grassland management (Eckstein et al. 2004) , which gives further support for our hypothesis.
Observations in natural communities and management experiments in mesocosms will not, however, enable the impact of interspecific competition to be distinguished from the influence of intraspecific competition and of other interactions. Also, it is difficult to separate the two components of competitive ability -competitive effect and competitive response (Goldberg and Landa 1991) . We tested whether competitive response of the rare V. elatior and common V. mirabilis differed in microcosm experiment where both violet species grew with Festuca ovina -an abundant grass typically found with both violets in natural communities.
Materials and methods

Plant species
Viola elatior, a rare species in Estonia, grows on mesic calcareous soils in wooded meadows and mixed forests. The species ranges from central Europe to the mountains of central Asia (Hulten and Fries 1986) . It is a hardy perennial species growing to a height of ca 50 cm. Viola elatior has pale blue chasmogamous flowers, which emerge in spring. It also produces cleistogamous seeds throughout the summer.
Viola mirabilis is abundant in Estonia, occurring on mesic calcareous soil -wooded meadows and deciduous and mixed forests (Kukk 1999) . It is distributed in central and eastern Europe, in central Siberia, and in the Far East (Hulten and Fries 1986) . It is a perennial species growing to a height of ca 20 cm. V. mirabilis produces chasmogamous seeds from open insect-pollinated violet flowers in spring and cleistogamous seeds from closed obligately self-fertilized flowers during the whole summer.
For the microcosm experiment, seeds of both species were collected from the Laelatu calcareous wooded meadow, western Estonia (Kull and Zobel 1991) , in June -July 2002, and were a mixture of chasmogamous and cleistogamous seeds in the case of both species. Seeds were kept in a refrigerator (3 -4°C) to break dormancy.
Experimental design
Even-aged young violet seedlings and individuals of Festuca ovina with 4 -6 cm-long leaves were planted in plastic pots (10 cm diameter, 8 cm deep) on the June 2003, individually, or in two-species mixtures, with 2, 4 or 8 seedlings of F. ovina. Since we were interested in the performance of violet species under different competitive pressure, violets were considered as target species and F. ovina as the neighbour species. All eight treatment combinations had 10 replicates, and there was no mortality during the experiment. Because growth depends on soil microbial communities, we used natural soil from sites where the two target and the neighbour species coexist to create a 1:4 mixture of sterile sand and natural soil (pH KCl 5.9, N 0.59 %, P 21.7 mg/kg, K 37.2 mg/kg, C 14.8 %) for the experiment.
The pots were located in an experimental garden, watered as required to keep the soil moist, and spatially randomized every second week. Plants were grown for 122 days, the duration of the local growing season. The number of leaves on all target plants was counted before the harvest. The aboveand below-ground parts of all plants were harvested, dried at 85°C for 24 h, and weighed.
Statistical analysis
For statistical analysis, two-way ANOVA (StatSoft, 2001 ) was conducted, with neighbour density (four levels) and species (two levels) as fixed factors. Variables were log transformed to meet the ANOVA assumptions. In order to estimate the differences between the four neighbour-density treatments and two species treatments, the Tukey HSD multiple-comparison test with significance level 0.05 (StatSoft, 2001) was used.
Results
Neighbouring species
Root, shoot and total dry biomass per pot of the neighbouring species, Festuca ovina, increased significantly with increasing density (F df =2=36.24, p<0.001; Figure 1 ). The species of Viola as a main effect did not have any influence on the total biomass of neighbouring Festuca (F df =1=0.00, p=0.986). Also, in interaction with neighbour species density, target species did not have any effect on the total biomass of neighbouring species per pot (F df =1=0.62, p=0.515).
Target species
Root-, shoot and total biomass did not differ between the two target species (Table, 1, Figure 2a, b) . Viola elatior had significantly lower shoot to root ratio and higher leaf number than V. mirabilis (Table 1, Figure 2c, d) . Increasing neighbour density decreased significantly the shoot, root, and total biomass, shoot to root ratio and leaf number of target species (Table 1, Figure 2 ). For biomass parameters, the pattern of differences was similar in all cases. Target plants with no neighbours were always significantly larger than target individuals from treatments with neighbours. However, target plants grown with two Festuca were not significantly larger than those grown with four Festuca, but were significantly larger than individuals grown with eight Festuca.
Shoot to root ratio was similar for Viola grown with no or two Festuca, and also for plants grown with four or eight Festuca, and the individuals grown with no or two neighbours had significantly higher shoot to root ratios than those grown with four or eight neighbours.
An increasing number of neighbours significantly reduced the leaf number of violets (Table 1, Figure 2d ). Violets growing alone had almost two times more leaves than violets with neighbours, but no significant differences in leaf numbers were detected among Viola grown with varying density of Festuca.
Root biomass also showed a statistically significant interaction between target species and neighbour density (Table 1, Figure 2b ). Although root biomass decreased significantly with increasing neighbour density in both Viola species, this decrease was significantly greater in the case of V. elatior. Compared with targets grown with no neighbours, root biomass of V. elatior was markedly lower in when grown with two neighbours, whereas the root biomass of V. mirabilis was markedly lower only when grown with four or eight neighbours. Root biomass of V. elatior grown without neighbours was significantly greater than that of V. mirabilis, but this difference was absent in the presence of Festuca. A marginally non-significant interaction term between target species and neighbour density (Table 1) in the case of leaf number indicates that the reduction of leaf number in response to increasing neighbour density was also more pronounced in the case of V. elatior (Figure 2d ).
Discussion
When target plants grew without neighbours, the biomass of V. elatior was greater than that of V. mirabilis. This is in accordance with previous results, showing that V. elatior is larger than V. mirabilis (Talts 1973) . Viola elatior was also characterised by a lower shoot to root biomass ratio and a higher number of leaves.
The competitive responses of the target violet species were similar, but the decrease of root biomass along the neighbour density gradient was significantly steeper in the case of V. elatior, compared with V. mirabilis. Shoot biomass of the two species decreased in parallel, and the total biomass did not differ either. It means that, given the same biomass, V. elatior kept its aboveground biomass as high as possible, at the expense of belowground biomass. The interaction of species and neighbour density was not significant in the case of shoot to root ratio, but the shoot to root ratio of V. mirabilis grown with no or few neighbours was significantly greater than when grown with four or eight neighbours. Consequently, the common violet species allocated relatively more to roots in the presence of neighbours. In the case of V. elatior, there were no differences among treatments.
These results support our working hypothesis that V. elatior is more vulnerable to competition than V. mirabilis -increasing neighbour density had a more pronounced effect on the rare species. At the same time, there was no support for the view that light competition in particular was behind the biomass pattern observed in the experiment. Plants respond to low nutrient availability by shifting the allocation of carbohydrates to belowground organs, and to low light availability by allocating more biomass aboveground (Bazzaz and Grace 1997; Grace 1997; Shipley and Meziane 2002) . The lower shoot to root ratio of V. mirabilis at high neighbour densities indicates, rather, that in the present case the competition was more for nutrients. Since the biomass allocation pattern of V. elatior did not change, one may conclude that the effect of competition for light and for nutrients was rather balanced for this species.
Our results are in accordance with the previous finding that V. elatior is more vulnerable in the case of competition than V. mirabilis (Moora Table 1 . Results of two-way ANOVA: effects of target individual species (Spec), neighbour density (NeiDen), and their interaction on the biomass and morphological parameters of Viola mirabilis and V. elatior.
Source of Variation
Spec ( al. 2003) . In that experiment, the success of establishment of sown plant individuals was recorded over two seasons in the turf of natural grassland vegetation, while clipping of the vegetation was used as a treatment. It was shown that the density of V. elatior decreased significantly in the second year in non-treated vegetation, compared to the clipped treatment. In the case of V. mirabilis, there were no differences. Ho¨lzel (2003) argued that, at more fertile sites, the violets crucially depend on events (i.e. management) that weaken strong competitors, while, at less productive sites, they may persist for a long time even under unfavourable conditions. Despite the fact that in the current experiment a relatively infertile soil was used, strong competitive response of both violet species, and of the rare species in particular, was recorded. While Ho¨lzel's (2003) results were achieved by using large datasets, which mirror the fate of already established violet populations, the results of our study may shed light on the possible mechanism of the limited distribution of V. elatior -high vulnerability to competition at the early seedling stage. Adult V. elatior plants are tall and erect, and therefore expected to show good competitive ability (at least with regards to competition for light) and may persist relatively well even under fallow conditions. Both violets are seed-limited to a similar extent (Moora et al. 2003) , thus differences in germination ability and rate of seedling establishment cannot result in drastic differences in abundance. Nevertheless, regeneration of current populations of V. elatior and the establishment of new ones may be limited by the high vulnerability to competition of V. elatior's early stages. The findings that managed V. elatior populations contained significantly more seedlings than abandoned populations (Eckstein et al. 2004) , and that germination and survival in a managed grassland patch were higher than in an unmanaged one (Moora et al. 2003) , do support this idea. Therefore, it is important to consider that plant species may have different 'weak' spots or 'bottlenecks' in their life cycles, which limit the regeneration or persistence of individuals and populations, and may result in the rarity of a species despite other life stages performing successfully. The existence of such 'bottlenecks' depends on the interplay between life history traits and local environmental conditions.
